Introduction to replication origins
High-fidelity duplication of the genome is a basic requirement for organismal viability. Thus, understanding how the genome encodes the information for its own duplication is the preeminent question in the DNA replication field. The initial goal of early studies was to identify how replication is initiated. Seminal work in Escherichia coli revealed that DNA synthesis is initiated from a single point on the chromosome (origin) and proceeds bidirectionally until the two replication forks merge and terminate [1] . The E. coli chromosomal origin of replication (oriC) is specified by a single conserved sequence element that is subsequently bound by components of the bacterial replisome before initiating synthesis [2] .
Contrasting with the situation in bacteria, eukaryotes use multiple origins that need to be fired at regular intervals to efficiently replicate larger chromosomes during each S-phase [3] . Origins in budding yeast are demarcated by conserved sequence elements called the autonomously replicating sequence (ARS) [4] . It is at these sites that the two essential, discrete steps of origin activation occur: origin licensing and origin firing. Licensing is mediated by the assembly of the pre-replication complex ( pre-RC), which involves the binding of the hexameric origin recognition complex (ORC) to the origin, followed by the loading of the mini-chromosome maintenance (MCM) helicase complex onto DNA by ORC, along with Cdc6 and Cdt1. The loaded but inactive MCM helicase complex consists of a double hexamer of MCM2-7 proteins that encircle the double-stranded DNA [5, 6] . In G1, any licensed origin has the potential to be fired in the subsequent S-phase, but origin firing is dependent upon the assembly of several additional factors, including CDC45 and GINS, which are regulated by two cell cycle-regulated protein kinases: Dbf4-dependent kinase (DDK) and cyclin-dependent kinase (CDK) [7] . After activation, the CDC45-MCM2-7-GINS (CMG) complex may begin translocation and unwinding of the parental genome, permitting DNA synthesis by the replicative DNA polymerases.
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Chromatin and the initiation of DNA replication
The temporal separation of pre-RC assembly and activation represents a safeguard against over-replication, but the specific determinants that dictate which origins fire in any given S-phase are not completely understood. In yeast, the number of sequences that can specify origins far exceeds the actual number of origins used in S-phase [8] ; and, in mammalian cells less than 10% of licensed origins are actually used in a given cell [9] . Many lines of evidence point to an important role for chromatin in the regulation of DNA replication. In the case of origin specification, recently developed in vitro replication systems from budding yeast have highlighted how chromatin helps specify sites of initiation [10, 11] . Unlike the situation in vivo, pre-RC assembly and initiation on naked template DNA are not dependent upon specific initiator sequences [12, 13] . However, chromatinization of the template dramatically influences the ability of ORC to stably bind to the DNA such that efficient binding and in vitro replication require a consensus sequence (ACS), which is a high-affinity ORC-binding site [10, 11] . This finding ties in well with data from budding yeast where chromatin structure near replication origins appears to be tightly controlled: replication origins have a stereotypical nucleosome arrangement centred on a nucleosome-depleted region established by sequencespecific DNA-binding proteins as well as ORC [14] ; indeed origin function is inhibited by encroachment of adjacent nucleosomes into the nucleosome-depleted region [15, 16] .
While budding yeast relies on DNA sequence elements for origin specification, the situation in metazoa is far more complex and less understood [17] . The first genome-wide replication-timing maps in Drosophila found a striking correlation between replication-timing and gene activity; early replicating regions of the genome coincided with a higher likelihood of gene activity on a genome-wide level [18] . Consistent with this, more recent work in Drosophila, Caenorhabditis elegans and mammalian cells has shown that sites of replication initiation are marked by the same histone modifications typically found at sites of active gene transcription [19] [20] [21] [22] . In humans, Miotto et al. surveyed over 50 000 ORC-binding sites genome wide in order to distinguish chromatin features associated with selective ORC-binding and found the greatest predictor of ORC-binding patterns was accessible chromatin regions classified as DNase I hypersensitive sites (DHS) [19] . Based on this association with DHS, ORC-binding was also correlated with transcriptional activity and showed an enrichment of histone modifications typifying active chromatin, namely acetylation of histone H3 at lysine 27 (H3K27ac) and di-methylation of histone H3 at lysine 4 (H3K4me2). No other factors were found to be as predictive of ORC-binding, suggesting that selectivity of ORC localization in vivo largely results from opportunistic binding to accessible regions of DNA established by chromatin factors related to gene expression and not through a direct interaction with a DNA-binding factor or specific histone modification [19] .
Nevertheless, there is considerable evidence that ORC makes specific interactions with histone modifications and, in particular, methylation states of histone H4 lysine 20 (H4K20me1/me2/me3) [23] . In mammals, H4K20 methylation depends on three known enzymes: PR-Set7 (Set8) is responsible for H4K20me1, Suv4-20H1 catalyses H4K20me2 and Suv4-20H2 catalyses H4K20me3. Of these, the most dynamic methylation state is H4K20me1, whose levels peak during M phase and steadily decline until reaching its lowest levels in S phase; these changes are mirrored by identical fluctuations in Set8 levels [23, 24] . Initial reports in mammalian cells found severe replication defects associated with the stabilization or depletion of H4K20me1, suggesting a role for Set8 or H4K20me1 in regulating DNA replication [25] . The dynamic levels of Set8 (and thus, monomethylation on H4K20) are attributed to its degradation by the E3 ligase Cul4-Ddb1 through an interaction with PCNA, the homotrimeric ring that acts as a processivity factor for numerous replisome proteins [26] . Cells expressing a mutant form of Set8 that fails to interact with PCNA and cannot be degraded by Cul4-Ddb1, exhibit genome instability related to re-replication, indicating that the dynamic state of H4K20 methylation is important for regulating genome duplication [26] . The effect that disruption of H4K20 methylation state has on DNA replication was clarified by the Reinberg lab who showed that Suv4-20H1, which catalyses H4K20me2, facilitates the loading of ORC [27] .
Supporting the role of H4K20 methylation in DNA replication is the finding that the ORC1 subunit possesses a bromo-adjacent homology domain (BAH), which is an evolutionary conserved chromatin recognition motif also found on the Sir3 chromatin silencing factor [28, 29] . This BAH domain allows metazoan ORC1 to interact with methylated H4K20, with a significant preference for H4K20me2 over H4K20me1 and H4K20me3 [29] . Based on evidence that additional ORC subunits show lower binding to chromatin in ORC1-BAH mutant cells, the interaction with H4K20me2 probably helps stabilize the ORC complex association with chromatin [29] . Indeed, DNA replication in ORC1-BAH mutants is defective, with a large percentage of cells showing delayed S phase entry, a phenotype that is also seen in cells lacking the H4K20me2 methyltransferase, Suv4-20H1 [29, 30] .
Nonetheless, our understanding of ORC recruitment by H4K20 methylation remains incomplete. First, the profiling of ORC-binding sites and replication origins fails to show a strong enrichment for H4K20 methylation [19, 20] ; second, H4K20 methylation is associated with diverse biological outputs, including DNA repair, transcriptional silencing and the establishment of higher-order chromatin structure [23] . For example, H4K20 methylation states help to distinguish replicated from unreplicated chromatin during S phase [31] , thus priming the HR repair machinery to bind newly replicated chromatin for downstream repair; this ancillary function of H4K20 methylation will be detailed in a later section. Given multitudinous roles in preserving genome stability, the delayed S phase entry in Set8 and Suv4-20 mutant cells could be related to their role in the DNA damage response or homologous recombination (HR) repair, rather than a deficiency in origin licensing and initiation. Indeed, using a combination of cytological, genetic and direct replication assays in Drosophila, the MacAlpine group identified that, while Set8 and H4K20me1 are important for cell-cycle progression, origin activation was not affected in the absence of Set8 or H4K20me1 [32] . In fact, greater than 50% of Drosophila mutants with alanine substitutions at H4K20 were viable, in stark contrast with the lethal phenotype of Set8 knockouts, indicating that the replication stress or DNA damage phenotypes reported in Set8 mutant cells could be related to other targets of Set8 methylation, including p53 and PCNA [32 -34] .
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Replication in time and space
While nucleosome organization and histone modifications associated with transcription clearly influence where an origin can form, chromosomal context is important in defining when an origin fires during S phase. In budding yeast, simply by moving a given replication origin from a late-replicating region to an early replicating region of the chromosome, it is possible to advance the time of firing [35] . Furthermore, by targeting chromatin modifiers such as histone acetylases or deacetylases to specific sites on the chromosome, the origin efficiency, or probability of initiation, could be enhanced or suppressed [36, 37] . Thus, particular origins are not preprogrammed to fire early or late during S-phase and the local chromatin environment could potentially permit or restrict an origin from firing.
The chromatin environment is intrinsically coupled to the organization of chromosomes within the nucleus [38] . Work from the Gilbert lab in vertebrate cells has characterized large chromosomal domains by their uniform and reproducible replication timing. These domains can be subdivided into two classes: constant timing regions (CTRs) typified by relatively synchronous and consistent firing of closely spaced origin clusters from cell to cell, and timing transition regions (TTRs) representing regions where replication-timing shifts from early to late [9, 39, 40] . Strikingly, the mapping of the CTRs overlaps with previously mapped topologically associating domains (TADs), which are chromosomal regions that permit specific and frequent interactions within a defined compartmentalized region of the chromosome and preclude interaction with neighbouring domains (figure 1) [38, 39, 41] . Thus, the programme by which the genome will be replicated appears to be determined by the structural organization of chromatin within the nucleus; and this structure is known to be established well before cells enter S phase [42] . Efforts to understand how the replication programme is determined will probably depend upon the challenging task of understanding the mechanisms by which chromosomes are organized within the nucleus; for example, in budding yeast, the forkhead proteins Fkh1/2 help early-firing of origins by promoting origin clustering in three-dimensional space [43] . In metazoa, the Rif1 protein potentially influences replication timing by mediating interactions between late-replicating regions and the nuclear lamina [44, 45] .
The finding that nuclear organization delineates broad domains in the replication-timing programme is a significant development; however, further information is revealed by high-resolution mapping of origin location and efficiencies in human cells. The sequencing of Okazaki fragments (OF) allows the measurement of replication fork direction and represents a useful means by which to map the dynamics of replication at high resolution [20, 46, 47] . By sequencing OFs, the Hyrien group revealed that initiation in human cells is often confined to specific regions of chromosomes spanning tens of kilobases [20] . The precise sites of initiation within these zones vary from cell to cell within the population. Consistent with the proposed role of higher-order chromatin organization in replication origin function [40] , OF mapping revealed that early-firing replication origins typically overlap TAD boundaries [20] . As would be expected from this correlation, the biology of TAD boundaries and replication origins is similar: both are broadly associated with active genes, but gene activity is not strictly required nor is it predictive [38, 40] .
How might origins and TAD boundaries be specified? The answer is far from clear, but a potential clue comes from the finding that many TADs are consistently demarcated through various cell types and developmental stages. These 'constitutive' TADs are often bounded by so-called 'housekeeping' genes [41] , whose consistent expression in cycling cells sets them apart from inducible genes with variable expression. Such an association makes logical sense: cells presumably must always express housekeeping genes when they are replicating, i.e. when origins are active. The connection between gene expression and DNA replication is further illustrated in a recent report investigating replication origin use in developing C. elegans embryos [21] . Here, similar to human cells, replication initiates from broad zones [20] but the midpoint of origins is demarcated by the histone modifications H3K27ac and H3K4me2 that are found at gene promoters and enhancers [48] , and were recently found enriched at ORC-binding sites in human cells [19] . Essentially, all origins have these modifications and the vast majority of sites of modification are origins. Thus, the transcription and replication programmes are probably interlinked. How can coupling of the replication programme and transcription programme be executed with this arrangement? The answer lies in the finding that genes are non-randomly distributed across the genome: those next to replication origins are strongly biased for genes that are expressed during growth, which necessarily includes housekeeping genes. With this arrangement C. elegans embryonic cells can replicate within 20 min and simultaneously express genes necessary for growth [21] .
In somatic cells, only a subset of replication initiation events occurs near actively transcribed genes. Indeed, perhaps the most interesting aspect of the high-resolution mapping of human replication origins is that vast regions of the genome that replicate late in S phase do not rely on initiation from specific zones [20] . Such late regions are broadly transcriptionally inactive and are enriched in heterochromatin. The initiation of late-replicating domains appears to be dictated by a cascade of replication origin firing events that are initiated from an earlyfiring region [20] . Licensed origins that are scattered through the late-replicating region are presumably induced to fire by replication forks encroaching from early-firing regionsperhaps by re-utilization of limiting replication factors. Indeed, factors required for replication initiation are known to be limiting and would permit a subset of origins to fire at the same time [49, 50] . Thus, the local control of replication in late regions is, in part, reliant upon the timely replication of early regions. Collectively, these data support a model in which replication origins, sectored within their respective chromosomal domains, have varying probabilities of firing at the start of S phase and that the firing probability of origins increases as S phase progresses [51] . The origins that fire early and more uniformly, probably have a greater firing probability based on permissive chromosomal characteristics: proximity to housekeeping genes and TAD boundaries, DHS and accessible chromatin.
Why are genomes segregated into early-and late-replicating regions? One explanation would be that such temporal segregation in origin firing would allow cellular metabolism to provide consistent amounts of metabolites for efficient replication. Indeed, the growth of budding yeast strains that simultaneously fire early and late origins is partially restricted by dNTP levels [50] . Second, the segregation of replication into domains allows cells to more efficiently deal with replication [52] . Thus, when problems occur in one region of the chromosome, cells can ensure that issues are resolved before completing replication of the remainder of the genome [9] . Finally, the broad division of the genome into early-and late-replicating regions may provide a simple means to increase the robustness with which domains of histone modifications and chromatin states are reestablished following S phase. For example, in budding yeast, acetyl-CoA is intrinsically linked with growth and levels of acetyl-CoA and bulk histone acetylation peak at the beginning of S phase and then drop through S phase [53, 54] . Thus, early replicating regions, which are typically transcriptionally active, may promote increased acetylation of the newly assembled chromatin, and thereby mark transcriptionally active regions for the next generation. Consistent with this hypothesis, microinjection experiments in human cells have shown that the assembly of transcriptionally competent chromatin is dependent upon the timing of the injection, with DNA injected early in S-phase being assembled into acetylated chromatin and expressed at higher levels [55, 56] . Temporally separating the replication of active and repressed chromatin may therefore reinforce distinct chromatin types.
Replicating through chromatin: new views on the helicase
Once origins are fired a central issue in understanding how the replication fork proceeds through the genome is to unravel how the CMG helicase complex unwinds chromatinized DNA. New insights in this area have come from structural data that suggests the CMG helicase progresses through chromatin in the opposite orientation to what was previously thought [57] . The MCM2-7 replicative helicase consists of a hexameric ring, which, when combined with five accessory factors, comprise the 11-subunit CMG complex [58] . Each hexameric ring is composed of two tiers, comprising the C-terminal domain (CTD), which contains the ATP-binding sites and motor that drives translocation and DNA unwinding, and the N-terminal domain (NTD), respectively. When loaded onto DNA in G1, MCM2-7 double hexamers are oriented in a NTD to NTD manner, such that the motor CTD domains face away from one another [5, 6] . Based on the orientation of the double hexamers in G1, it was believed that after activation, the CMG complexes simply migrated away from each other with the CTD on the leading end of 3 0 -5 0 translocation [59] . By using cryo-EM to visualize CMG on forked DNA substrates, Georgescu et al. were able to capture the helicase in 'translocation mode'; surprisingly, their structures revealed that the NTD is proximal to the fork and the CTD motor trails behind (figure 2). This finding is important for a number of reasons: first, because the leading strand polymerase (1) associates with the CTD and polymerase a/primase, associates with the NTD [60] , this orientation of CMG logically positions each polymerase for synthesis on their associated strands: polymerase 1 can synthesize the leading strand as its template emerges from the CMG. Second, this orientation of CMG minimizes the amount of exposed single-stranded DNA on the lagging strand as the lagging-strand template, unwound at the front of the replication fork, can be primed by polymerase a/primase. Third, the model reveals an elegant quality control mechanism ensuring that each hexamer associates with the opposite strand of DNA before separating [57] . As CMGs are loaded onto double-stranded DNA prior to initiation and translocate on single-stranded DNA, the 'NTD first' orientation implies that the hexameric rings must pass one another [61, 62] . MCM2 chaperones H3:H4 tetramers both in vitro and in vivo by wrapping around the tetramer, much like nucleosomal DNA [61, 62] . Therefore, the new model indicates that MCM2 could play a major role in disassembling parental nucleosomes in front of the replication fork ( figure 3 ). The authors also speculate that the new position of the lagging-strand machinery at the leading edge of the CMG increases the likelihood that parental nucleosome deposition would preferentially occur on the lagging strand, opening up intriguing mechanisms for chromatin state inheritance and nucleosome assembly. However, with the exception of the remarkable, yet poorly understood inheritance of histone proteins in Drosophila male germline stem cells [63] , there is little evidence of biased segregation of parental histones to the daughter genomes [64, 65] . This may reflect the inherent asymmetry of the replication fork imparts little bias on histone segregation; or, that mechanisms have evolved-perhaps employing specific histone chaperones-to ensure the equal passage of parental histone to the daughter genomes.
In vitro replication of chromatin template
Progression of the replication fork through chromatin is also stimulated by an array of other factors that probably alter the structure of chromatin. Here newly developed in vitro systems are beginning to reveal important clues. Using an in vitro replication system with purified components Kurat et al., were able to identify several proteins specifically associated with replicating chromatin [11] . Most prominent were histone chaperones (FACT, Nhp6, Asf1), chromatin remodelling complexes (INO80, Isw1), and histone acetyltransferase complexes (NuA4, SAGA). Importantly, efficient replication of chromatinized DNA required FACT, which is consistent with the noted role for FACT in promoting transcription from chromatinized templates and the general understanding of how FACT can disrupt the structural integrity of the nucleosome [66 -68] . FACT associates with the replisome progression complex, [69] and interacts with multiple components at the replication fork, including DNA polymerase a [70] and the MCM2 N-terminal tail, where it forms a salt resistant complex with histones [71] . In the light of the recent findings regarding the orientation of translocating CMG [57] these results would place FACT at the leading edge of the helicase where it would presumably collaborate with the MCM2 tail to mediate the unwinding of parental histones (figure 3). Such a scenario is supported by the discovery that histones captured from FACT-MCM2 complexes lacked acetylation of histone H3 at lysine 56 [71] ; which is a modification found on newly synthesized histones [72] .
Kurat et al. also showed that the ATP-dependent chromatin remodelling complexes INO80 and ISW1a, and histone acetyltransferases, SAGA and NuA4, were all required in order to achieve rates of replication comparable with those measured in vivo [11] . Of these factors, Isw1 and INO80 have been implicated in various aspects of DNA replication: in budding yeast, Isw1 repositions nucleosomes on nascent DNA [73] and in human cells an ISW1-related complex (ACF1-ISWI) promotes efficient replication of heterochromatin [74] . INO80 has also been shown to interact with replication origins and the replication fork [75] and depletion of INO80 results in slowed replication fork progression [76] . Moreover, there is increasing evidence that INO80 is required for replication restart after fork stalling and can function in a pathway to evict RNA polymerase II from chromatin [77] upon replication stress [78] . However, with the exception of FACT, it remains to be determined whether the factors examined by Kurat et al. are specifically targeted to replication forks; and, if so, how they function in replication fork progression. Indeed, Devbhandari et al., who established a similar in vitro system achieved replication on chromatinized templates in the absence of FACT and many of the stimulatory factors described by Kurat et al. their reactions contained the histone chaperone NAP1 and Isw1, which were included to assemble nucleosomes on the template DNA. These factors presumably also stimulated replication through chromatin and nucleosome assembly on the nascent DNA. Thus, while many proteins appear capable of stimulating replication, it appears that no single factor is specifically required for replication through templates.
Chromatin regulates lagging-strand synthesis
The in vitro systems described by Devbhandari et al., and Kurat et al. also noted a profound alteration in lagging-strand synthesis when replication occurred on chromatin templates. The frequency at which the polymerase a/primase complex initiates each OF will influence the ultimate length of OFs produced by the replisome. On naked DNA templates, polymerase a/primase acts distributively: OFs become shorter-hence were more frequently initiated-with increasing amounts of polymerase a/primase [79] . When replication occurred through chromatin, Kurat et al., noted that the initiation frequency became much less sensitive to the concentration of polymerase a/primase-indicating that polymerase a/primase may act processively in the context of chromatin [11] . It is unclear how chromatin should influence the frequency of OF initiation: one mechanism would be that chromatin somehow helps sequester polymerase a/primase to the replisome; but another interesting possibility is that MCM helicase progression may slow each time a nucleosome is encountered. If the rate-limiting step in replication fork progression is assumed to be the unwinding of nucleosomal DNA ahead of the replication fork, then initiation of OFs by polymerase a/primase may occur as the fork slows from one nucleosome to the next. Thus, the initiation site and the frequency of initiation events (hence the ultimate length of the OF) could, at least in part, be dictated by nucleosome structure and how many nucleosomes the fork moves through each cycle.
Aside from the frequency of initiation, the lengths of OFs are also dictated by a processing reaction in which polymerase d simultaneously extends the 3 0 end of a nascent OF and triggers the degradation of the 5 0 end of the preceding OF [80] . Repeated cycles of extension and DNA cleavage produce a nick that migrates away from the replication fork and can be sealed by DNA ligase I [80] . This reactionknown as strand displacement synthesis-relies upon structure specific nucleases such as Fen1 to degrade the RNA or DNA displaced by polymerase d (figure 3). Devbhandari et al. incorporated the basic components for OF processing, including the flap endonuclease Fen1 and DNA ligase I in their in vitro system [10] . Interestingly, they noted that while the replication of naked plasmid DNA occurred robustly, much of the synthesized DNA was greater than unit lengthmeaning that unconstrained synthesis was occurring (most probably by polymerase d) and only a fraction of the laggingstrand products were small and competent for ligation [10] . Replication of chromatinized templates dramatically suppressed the extent of DNA polymerization, resulting in short lagging-strand products that were readily ligated. Since the DNA replication reactions were conducted with an excess of core histones, Nap1 and Isw1 (which are potent nucleosome assembly factors [81] ) the suppression of polymerase d is most readily explained by the reassembly of nucleosomes on the lagging strand, which presumably prevent extensive strand displacement synthesis by polymerase d [10] . These data support earlier results from budding yeast which showed that nucleosome assembly on daughter strands is required for optimal processing of OFs in vivo [47] .
The requirement for nucleosome assembly to constrain DNA synthesis on the lagging strand potentially provides a means to ensure the removal of error prone DNA synthesized by DNA polymerase a while preventing excessive strand displacement synthesis by polymerase d [47] . In addition, inhibition of polymerase d by newly assembled nucleosomes may allow components of the lagging-strand machinery to be recycled from one OF to the next; and, in doing so, allow the fidelity of nucleosome assembly to be communicated to the replication fork. In this scenario, defects in nucleosome assembly on the lagging strand result in extensive strand displacement synthesis by polymerase d. Thus, in the absence of timely nucleosome assembly, the synthesis of each OF would be slowed, which may ultimately slow the replication forkallowing the rate of nucleosome assembly to be coupled with the rate of DNA synthesis. Studies in mammalian cells indicate that replication fork progression through chromatin requires efficient delivery of newly synthesized histones [82] and replication forks are slowed when the nucleosome assembly is impaired [83] . With this reasoning, it is worth considering whether some of the stimulatory effects on DNA synthesis of histone chaperones and chromatin remodelling enzymes seen in vitro replication systems may be attributed to the promotion of nucleosome assembly and efficient lagging-strand synthesis.
Priming for recombination during DNA replication
Even in the absence of exogenous DNA damage, faithful completion of DNA replication relies upon the HR pathway to protect stalled replication forks or to restart collapsed forks [84] . DNA replication produces sister chromosomes, but because chromosomes are replicated at different times during S phase, an interesting question is how do cells know when they have a sister with which to repair? Recent data suggests that events occurring at the replication fork help the HR machinery discriminate between replicating and non-replicating chromatin [31] . TONSL-MMS22 L is a heterodimeric complex capable of interacting with histones as well as the histone chaperones Asf1 and MCM2 via the TONSL ankyrin repeat domain (ARD) [85, 86] . Structural characterization shows that the binding of soluble histones H3-H4 by TONSL bridges the connection to ASF1 and MCM2, creating a co-chaperone complex prior to deposition of histones during replication coupled chromatin assembly [31] . The co-chaperone complex is dependent upon a number of interactions on the histone H4 tail, including lysine 20 (H4K20), the methylation of which is associated with replication and repair processes that maintain genome integrity [23] . Importantly, H4K20 methylation (H4K20me) abolishes TONSL binding to nucleosomes, suggesting that TONSL-MMS22 L specifically recognizes unmodified histones at H4K20. Since newly synthesized histones deposited in S phase are unmethylated at K20 [72] , TONSL-MMS22 L is thus likely to bind to replication forks and nascent chromatin. However, TONSL-MMS22 L recruitment to chromatin occurs within a narrow temporal window as H4K20 is methylated by the histone methyltransferase SET8 [23] in late S phase. Based on this timely recruitment of TONSL-MMS22L and its known role as a mediator of HR, the recognition of nascent chromatin by the complex probably promotes expedient HR repair at compromised replication forks [31, 85, 86] . Indeed, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160287 a subsequent report provided direct evidence for the recruitment of TONSL-MMS22 L to collapsed replication forks and its promotion of Rad51-dependent recombination [87] . Presumably, recruitment of TONSL-MMS22 L to replication forks, allows efficient interaction with RPA, which coats stretches of singlestranded DNA formed during collapse of replication forks [87] . While it is known that the TONSL-MMS22 L heterodimer is required for RAD51 foci formation upon DNA damage [85, 86] , it is also required to recruit RAD51 to stalled replication forks [87] . An intact TONSL-MMS22 L heterodimer forms a tight interaction with two molecules of RAD51 and was shown to facilitate strand exchange by reducing the affinity of RAD51 for doublestranded DNA, a function similar to the tumour suppressor BRCA2 [87] [88] [89] . These findings illustrate an interesting new paradigm, in which replication coupled chromatin assembly provides an opportunity to prime newly replicated daughter genomes with repair complexes in the event of replication stress or DNA damage. In the light of these findings, it would be of interest to identify whether complexes similar to TONSL-MMS22 L are able to recognize chromatin specific transitions as a signal to load the DNA repair components best suited to fix the damage within the specific cell-cycle phase.
Conclusion
The advances in biochemical characterization of the replisome and its components have reinforced our understanding of how integrated the passage of the replication fork is with chromatin dynamics. Indeed, while in vitro systems have shown that DNA can be efficiently replicated in the absence of chromatin, it is clear that the presence of nucleosomes on the template DNA can constrain sites of initiation and the processivity of the DNA polymerases. But rather than a simple impediment, chromatin should more realistically be viewed as a modulator that can fine tune many aspects of DNA replication. The new in vitro systems offer tantalizing insights into how replication occurs on chromatin, yet they remain incomplete. Most notably, neither report examined components of the replication-associated chromatin assembly system that couples nucleosome assembly, mediated in part through the histone chaperone CAF-1, to the replication fork through PCNA. Once this pathway is included, it may be possible to faithfully recapitulate nucleosome assembly on nascent DNA in vitro. But a considerable challenge with the biochemical systems will be to achieve a stoichiometry of the components, which faithfully recapitulates the situation in vivo. Thus, more quantitative assays that interrogate in vivo replication will be needed to supplement the in vitro systems. From the demonstration that ORC binds to accessible DNaseI hypersensitive sites, to the association of replication timing with higher-order chromatin folding, it is apparent that DNA replication is profoundly influenced by chromatin organization. Given that the same chromatin features are implicated in gene transcription and DNA replication, some immediate challenges will be to disentangle causal relationships between the processes at play. This may prove challenging as perturbation of one process will probably affect the other; nevertheless the realization that chromatin structures typically associated with gene transcription are also used in DNA replication may provide a new perspective from which we may better understand how and why such chromatin structures are established and maintained. While ORC-binding represents the critical first step in origin licensing in G1, it is yet unknown how ORC is targeted to chromatin or whether chromatin structural changes precede ORC-binding and MCM loading. Most certainly, a deeper understanding of how chromatin is organized within the nucleus and the factors responsible for such organization will prove valuable to many aspects of genome research. Competing interests. We declare we have no competing interests. Funding. Work in the Whitehouse lab is supported by the NIH (R01 GM102253, P30CA008748) and the American Cancer Society (128073-RSG-15-041-01-DMC).
